Viral infection causes a deregulation of host cellular pathways, some of which reflect cellular responses to the infection while others are the results of viral manipulation of cellular environments (39, 49, 60) . A common strategy that a virus uses to facilitate its infection and replication is to exploit the altered cellular pathways. For example, the modulation of mitogenactivated protein kinase (MAPK) pathways is essential for infection and replication of hepatitis B virus, Epstein-Barr virus (EBV), and vaccinia virus (15, 26, 70) , while modulation of the NF-B pathway facilitates infection and replication of EBV, herpes simplex virus type 1, and influenza virus (25, 46, 59) . The deregulated cellular pathways could also contribute to the pathogenesis of diseases induced by viral infections (49) .
Activator protein 1 (AP-1) complexes are commonly activated during viral infection (39, 49, 60) . AP-1 complexes are ubiquitous heterodimeric transcriptional factors of Jun (c-Jun, JunB, and JunD) and Fos (c-Fos, FosB, Fra-1, and Fra-2) subfamilies. Through binding to either a 12-O-tetradecanoylphorbol-13-acetate (TPA) response element or a cyclic AMP response element, AP-1 regulates a wide variety of cellular processes, such as cell growth, differentiation, death, and survival (56) . Generally, AP-1 complexes function as positive regulators of cell proliferation by regulating the expression of essential cell cycle proteins such as cyclin D1, p53, p21, p19, and p16, yet differential effects are also present among individual members (56) . The inhibition of jun and fos gene expression by antisense RNAs reduced the proliferation rate of mouse fibroblasts, while the introduction of specific antibodies against Fos and Jun proteins into fibroblasts resulted in similar effects (57) . A double knockout of c-fos and fosB genes reduced mouse size (10) . AP-1 is also important for cellular transformation. Both c-jun and c-fos themselves are cellular retroviral oncogenes (4) . Some AP-1 members such as the Jun proteins can assist activated Ras in cellular transformation (61) . The overexpression of c-fos caused osteosarcomas and chondrosarcomas in transgenic mice (51) . In contrast, the expression of a dominant negative (DN) c-jun transgene in mice inhibited TPA-induced tumor promotion (69) . Besides its role in cell growth, cellular transformation, and induction of tumor formation, AP-1 is also involved in other aspects of tumor progression, such as invasion and angiogenesis, by regulating the expression of matrix metalloproteinases (MMPs) and angiogenic factors (14, 64) .
Kaposi's sarcoma-associated herpesvirus (KSHV) is a gammaherpesvirus associated with Kaposi's sarcoma (KS), primary effusion lymphoma (PEL), and multicentric Castleman's disease (MCD) (20) . KS is a vascular spindle tumor of proliferating endothelial cells commonly found in patients with AIDS (21) . The early stage of KS is mostly seen on the skin of the lower extremities, but the advanced stage of KS is highly disseminated and often involved with visceral organs. A unique feature of KS tumors is that they are highly angiogenic and regularly contain infiltrated inflammatory cells (21) . Thus, KS tumors frequently secrete angiogenic and inflammatory cytokines. Among these cytokines, interleukin 6 (IL-6) is overexpressed in KS tumors as well as in PEL and MCD, contributing to the pathogenesis of these malignancies (5, 37, 41) . IL-6 is an autocrine growth factor for KS cells (19, 31, 41, 66) and a growth and survival factor for PEL cells (5) . IL-6 is also important for the development of MCD in mice (54) . While a recent microarray analysis has shown that KSHV infection induces the expression of IL-6, the mechanism of induction remains unclear (12, 45) .
Considering the known biologic functions of AP-1 and the features of KS tumors, one can envisage the likely roles of AP-1 in various facets of KS pathogenesis, including malignant cellular proliferation, angiogenesis, induction of inflammatory cytokines, and dissemination of tumor cells. The expression of IL-6 is also regulated by AP-1 (16) . Furthermore, the consensus AP-1-binding element is present in the promoter regions of several KSHV lytic replication genes, including the RTA (Orf50), RAP (K8), and MTA (Orf57) genes (11, 62) , as well as in lytic origins of DNA replication (oriLyt) (6) . Thus, KSHV lytic replication and the expression of KSHV genes are likely dependent on the activation of AP-1.
AP-1 activity can be regulated at multiple levels, including transcription, posttranslational modifications, protein turnover, and interactions with various cellular proteins. MAPK pathways, which have important roles in a broad spectrum of cellular functions, including cell proliferation, differentiation, survival, death, and gene expression, mediate AP-1 activation (35, 56, 65) . MAPK pathways relay extracellular stimuli into the nucleus through a series of phosphorylation events that activate the upstream trimeric G proteins and downstream MAPK kinase kinases (MAPKKKs), MAPK kinases (MAPKKs), and MAPKs (32) . There are three groups of MAPKs in mammalian cells: the extracellular signal-related kinases (ERK1 and -2), the c-Jun NH 2 -terminal kinases (JNK1, -2, and -3), and the p38 kinases (p38␣, p38␤, p38␥, and p38␦) (13) . Members of the ERK pathway, after translocation into the nucleus, directly phosphorylate c-Fos and ternary complex factors, which further bind and activate the fos promoter (30, 42) . The JNK members phosphorylate c-Jun to activate AP-1 (35) . The p38 pathway activates AP-1 by phosphorylating the transcriptional factors ATF2, MEF2C, and ternary complex factors (28) .
KSHV entry into cells relies on interactions with cellular receptors. Integrin ␣3␤1 was initially identified as a KSHV receptor; however, recent studies indicated that other cellular membrane proteins could also be involved in KSHV entry (55) . Interactions of glycoprotein B with integrin ␣3␤1 result in acute activation of the ERK1/2 pathway (44). Therefore, it is reasonable to postulate that KSHV regulates AP-1 through activation of the ERK1/2 pathway, and possibly other MAPK pathways, during the early stage of infection. Two KSHV latent genes, encoding LANA (Orf73) and vFLIP (Orf-K13), have been shown to activate AP-1 as well as induce IL-6 expression (1, 2). Thus, LANA and vFLIP are likely to modulate AP-1 during latent KSHV infection. vFLIP and several other KSHV genes, including the vGPCR (Orf74), vPK (Orf36), and LAMP (K15) genes, also activate MAPK pathways (2, 7, 9, 27) . Both the vGPCR and vPK genes are lytic cycle genes and therefore can contribute to the activation of AP-1 during KSHV lytic replication. While the LAMP gene has been considered a latent gene, it is also induced by TPA (20) . Thus, its gene class remains undefined. Regardless of their gene classes, given that these genes are capable of activating MAPK pathways and AP-1, they are likely to induce the expression of IL-6. Furthermore, a transcriptional activator, RTA (Orf50), itself has also been shown to activate the expression of IL-6 (17) . Using an efficient KSHV infection model of primary human umbilical vein endothelial cells (HUVEC) (24), we have found that KSHV activates AP-1 during the early stage of infection, which is mainly mediated by the virus entry events rather than the expression of KSHV genes. This is the first time that AP-1 activation by KSHV has been observed in the context of viral infection. Furthermore, we have found that multiple MAPK pathways mediate the activation of AP-1 by KSHV, which results in a rapid increase in IL-6 expression in KSHV-infected cells and the secretion of IL-6 into the extracellular environment. These results underscore some of the important molecular events of virus-cell interactions during the early stage of KSHV infection.
MATERIALS AND METHODS
Plasmids. The AP-1 reporter pAP-1-luc was purchased from Stratagene (La Jolla, CA). pFC-MEKK, expressing constitutively active MEKK, was also purchased from Stratagene. pGL-3-IL-6, an IL-6 promoter reporter, was obtained by PCR cloning the 1,175-bp IL-6 promoter sequence upstream of the transcriptional start site into the SacI/HindIII sites of the pGL-3 vector (Promega, Madison, WI). The following plasmids were described before: pcDNA3-p38/AF is a DN construct of p38 (29) Cell culture. Human embryonic kidney 293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 100 g/ml gentamicin, and 2 mM L-glutamine. Primary HUVEC were purchased commercially and cultured in EBM2 endothelial cell growth medium (Clonetics, Walkersville, MD).
Virus preparation and infection. Concentrated virus was prepared as previously described (24, 71) . Fresh virus preparations with titers of about 2 ϫ 10 6 green fluorescent protein (GFP)-expressing cells/ml were used in the experiments. HUVEC or 293 cells were infected with KSHV as previously described (24) . For all experiments, we infected the cells at a multiplicity of infection (MOI) of 2, i.e., 2 ϫ 10 6 GFP-expressing cells for every 10 6 cells, which resulted in a 70 to 80% infection rate based on GFP expression at 2 days postinfection. For UV light treatment, virus preparations were exposed to a UV source for 5 min, which reduced the virus infectivity from 70 to 80% to Ͻ1%. To inhibit a MAPK pathway, one of the following specific inhibitors, all of which were purchased from Calbiochem (Oakland, CA), was added to the culture 1 h prior to infection: U0126 (10 M), an inhibitor of MEKs; SB203580 (50 M), an inhibitor of p38; and JNK inhibitor II (50 M), a JNK inhibitor.
Western blot analysis. Protein preparations from HUVEC or 293 cells infected with KSHV were separated in sodium dodecyl sulfate-polyacrylamide gels and transferred to nitrocellulose membranes as previously described (24) . The membranes were incubated first with antibodies specific for total and phosphorylated forms of JNK, ERK1/2, and p38 (Santa Cruz, Santa Cruz, CA) and then with a goat anti-rabbit-horseradish peroxidase (HRP) conjugate (Sigma, St. Louis, MO). A mouse antibody to ␣-tubulin (Sigma) was used to monitor sample loading. Specific signals were revealed with chemiluminescence substrates and recorded on films.
EMSA. Nuclear extracts were prepared from mock-or KSHV-infected HUVEC or 293 cells as previously described (63) . Annealed double-stranded consensus AP-1 oligonucleotides (5ЈGGGTTATGAGTCAGTTGC3Ј) were labeled with [␥-32 P]ATP. Oligonucleotides for the consensus AP-1 binding site in the IL-6 promoter (5ЈCCAAGTGCTGAGTCACTAATA3Ј) were also used for electrophoretic mobility shift assays (EMSAs). For gel shift assays, 4 g of nuclear extract was incubated for 20 min at room temperature with 5 ϫ 10 5 cpm of the labeled probe in 20 l of binding buffer containing 10 mM Tris-HCl at pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 5% glycerol, 1 g/l bovine serum albumin, and 2 g of poly(dI-dC). For antibody supershift assays, 2 g of polyclonal antibodies to c-Fos or c-Jun (Santa Cruz) was added, and the reactions were continued for 15 min. Samples were separated by 6% nondenaturing polyacrylamide gel electrophoresis. Competition assays were carried out in the same manner, except that the above reaction mixture was preincubated with excess cold probe for 10 min at 4°C before the addition of the labeled probe.
AP-1 ELISA. An enzyme-linked immunosorbent assay (ELISA)-based TransAM AP-1 kit was used to quantify activated AP-1 components (Active Motif, Carlsbad, CA). Briefly, nuclear extracts were prepared in 50 l of lysis buffer with the cocktail of protease inhibitors provided in the kit. Nuclear extracts diluted in the binding buffer were added at 5 g per well to 96-well plates previously coated with a TPA response element oligonucleotide (5Ј-TGAGTC A-3Ј) and incubated for 1 h. For specificity control, an excess amount (20 pmol) of mutant or wild-type probe was added to the reaction in a competition assay. The plates were washed three times with washing buffer and incubated with rabbit antibodies to AP-1 members for 1 h. The plates were again washed and then incubated with a goat anti-rabbit-HRP conjugate for 1 h. After repeating the washes, the plates were developed with 3,3Ј,5,5Ј-tetramethylbenzidine (TMB) HRP substrate, and the results were recorded with an ELISA plate reader at 450 nm, using 655 nm as a reference wavelength.
IL-6 ELISA. Secreted IL-6 in the culture medium was assayed with a commercial IL-6 ELISA kit (RayBiotech, Norcross, GA). Supernatants were incubated at room temperature for 2.5 h in 96-well plates previously coated with antibodies to IL-6. The plates were washed and incubated with biotinylated antibodies to IL-6 for 1 h at room temperature. The plates were again washed and incubated with a streptavidin-HRP conjugate solution for 45 min at room temperature. After extensive washes, the plates were developed with TMB substrate.
Reporter assay. Reporter assays were carried out as previously described (63) . HUVEC or 293 cells in six-well plates were transfected with the pAP-1-luc or pGL-3-IL-6 reporter plasmid together with other plasmids. For HUVEC, transfection was carried out using the CytoPure-huv transfection reagent (Qbiogene, Irvine, CA). For 293 cells, transfection was carried out using the Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA). To monitor the transfection efficiency, we performed cotransfection with plasmid pEGFP-C1 expressing GFP (Clontech, Palo Alto, CA). We achieved about 30% and 90% transfection efficiencies with HUVEC and 293 cells, respectively, based on the expression of GFP at 2 days posttransfection. To further calibrate the transfection efficiency, samples were normalized by cotransfection with the reporter plasmid pSV-␤-galactosidase (Promega). At 36 h posttransfection, cells were collected in 200 l of lysis buffer (Promega). Aliquots of 20 l were tested in a luciferase assay system (Promega), and the results were recorded with a Veritus microplate luminometer (Turner Biosystems, Sunnyvale, CA). All reporter assays were carried out three to five times in triplicate. Results calculated as averages with standard deviations from one representative experiment are presented.
Reverse transcription-real-time quantitative PCR (RT-qPCR).
Total RNA (5 g) was reverse transcribed in 40 l to obtain first-strand cDNAs, using the Superscript III first-strand synthesis system (Invitrogen). A control without reverse transcriptase was conducted in parallel. The primers for IL-6 were 5Ј-TG GTCTTTTGGAGTTTGAGGTA-3Ј (IL-6-401F) and 5Ј-AGGTTTCTGACCA GAAGAAGGA-3Ј (IL-6-746R), which amplify a product of 325 bp. The primers for glyceraldehye-3-phosphate dehydrogenase (GAPDH) were 5Ј-ACAGTCAG CCGCATCTTCTT-3Ј (GAPDH-F) and 5Ј-ACGACCAAATCCGTTGACT C-3Ј (GAPDH-R), which amplify a product of 94 bp. Real-time PCR was carried out in a DNA Engine Opticon 2 continuous fluorescence detector (Bio-Rad) as described previously (67) . Each sample was examined in triplicate. tivation activity, if activated, they will bind to the consensus sites and drive the transcription of the downstream reporter gene. We assayed the luciferase activities in 293 cells that were infected with KSHV for 6 h after transfection with pAP-1-luc plasmid DNA for 30 h. Compared with mock-infected cells, KSHV-infected cells have a 7.5-fold higher luciferase activity (Fig. 1A, panel a) . As expected, treatment with TPA increased the luciferase activity (Fig. 1A, panel a) , since TPA is known to activate AP-1 (3). Cotransfection with pFC-MEKK expressing constitutively active MEKK increased the luciferase activity 6.2-fold compared with that in cells cotransfected with control plasmid DNA alone (Fig. 1A, panel b) , since active MEKK can activate the AP-1 complexes through the MEK/ERK MAPK pathway (56) . We then determined whether KSHV activates AP-1 in a more biologically relevant primary cell type. As shown in Fig. 1B , KSHV infection increased luciferase activity 6.2-fold in HUVEC. These results indicated that KSHV infection enhanced the transactivation activity of AP-1 complexes. We next determined the time kinetics of KSHV-induced AP-1 activation. pAP-1-luc-transfected cells were harvested at different time points after KSHV infection and assayed for luciferase activity. The luciferase activities in both HUVEC and 293 cells started to increase as early as 2 h postinfection (hpi), peaked at 6 hpi, and then decreased ( Fig. 1C and D) . These results indicated that KSHV activation of AP-1 occurs during the early stage of virus infection. KSHV induces AP-1 binding to the consensus element during primary infection. To rule out nonspecific binding of the AP-1 consensus cis element by other proteins that could also result in the increase in reporter activity, we carried out EMSAs to directly detect the binding of AP-1 complexes to the consensus element. We incubated 32 P-labeled consensus oligonucleotides with nuclear extracts prepared from 293 cells infected with KSHV for 6 h ( Fig. 2A) . Compared with mockinfected cells, an increase in the shifted band corresponding to the AP-1-DNA complexes was observed in KSHV-infected cells. The addition of unlabeled cold probes significantly reduced the intensity of the AP-1 band, confirming the specificity of the protein-DNA interaction ( Fig. 2A) . Similar results were also observed with KSHV-infected HUVEC (Fig. 2B) . To further verify that the observed band shifts were caused by the AP-1 complexes, specific antibodies to c-Fos and c-Jun were added to the reactions. Both antibodies caused supershifts of the AP-1 bands in 293 cells and HUVEC ( Fig. 2A and B) , again confirming the specific binding of AP-1 complexes to the probe. These results also indicated that both c-Jun and c-Fos were parts of the KSHV-activated AP-1 complexes.
RESULTS

KSHV activates AP-1 reporter during primary infection.
Next, we examined the time kinetics of KSHV-induced AP-1 binding to the consensus element in both 293 cells (Fig. 2C) and HUVEC (Fig. 2D ). In concordance with the reporter assay results, the induction of AP-1 binding to the consensus element during KSHV infection occurred as early as 2 hpi, peaked at 6 hpi, and decreased at the subsequent time points tested. These results confirmed the early activation of AP-1 by KSHV during infection.
KSHV differentially activates AP-1 family members during primary infection. AP-1 components are differentially regulated in response to stimuli, resulting in diverse biological effects on the cells. We determined which of the AP-1 members were activated during KSHV primary infection by an ELISA in which an AP-1 consensus oligonucleotide was immobilized on 96-well plates to capture different AP-1 components. The addition of specific antibodies to individual phosphorylated forms of AP-1 members quantitatively detects their presence. As shown in Fig. 3 , compared with mock-infected cells, KSHV-infected cells had increased activated forms of members of both Fos and Jun families, including c-Fos, FosB, c-Jun, JunB, and JunD, at 2.8-, 3.4-, 2.3-, 1.6-, and 1.5-fold, respectively, while both Fra-1 and Fra-2 remained unchanged. Within the Fos family, both c-Fos and FosB are known to have positive effects on cell proliferation (56) . In the Jun family, c-Jun is a strong promoting factor for cell proliferation (33) , whereas JunB generally behaves as a negative regulator (50) . The effect of JunD on cellular proliferation remains promiscuous, and it is less potent than c-Jun when it exerts a positive effect (56) . The observed stronger activation of c-Fos, FosB, and c-Jun than that of other AP-1 components points to a positive effect on cell proliferation exerted by KSHV during primary infection.
KSHV activation of AP-1 is mainly mediated by virus entry events. The observation of KSHV activation of AP-1 at times as early as 2 hpi indicates that virus entry is involved in this process. Nevertheless, a small number of KSHV genes are expressed at low levels at this early stage of infection (68) , thus possibly contributing to AP-1 activation. To distinguish the role of virus entry from viral gene expression in the early activation of AP-1 by KSHV, we carried out AP-1 reporter assays with cells infected by virions or UV-irradiated virions. A large proportion of the KSHV-activated AP-1 reporter activity was retained after UV treatment of the virions (74%) (Fig.  4A) , as confirmed by EMSA (Fig. 4B) . These results indicate that KSHV activation of AP-1 during the early stage of infection is mainly mediated by virus entry events.
KSHV activates MAPK pathways during primary infection. A previous report has shown that KSHV activates the ERK pathway immediately following infection (44) . We wished to determine whether KSHV also activates the JNK and p38 pathways during primary infection. HUVEC were infected with KSHV, collected at different hpi, and analyzed for phosphorylated forms of JNK, ERK1/2, and p38. Concurring with the previous report, we observed an activation of ERK1/2 from 0.25 to 1 hpi (Fig. 5) . In addition, we observed an activation of JNK from 0.25 to 1 hpi, and to a lesser extent, of p38 at 0.5 hpi. 
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The detected activation of p38 was modest, at about twofold. The phosphorylated forms of JNK and ERK1/2 dropped between 1 and 2 hpi and reached a normal level afterward (Fig.  5) . We loaded all the samples in similar amounts, as shown by their comparable intensities of ␣-tubulin staining. The total amounts of JNK, ERK1/2, and p38 remained unchanged after KSHV infection (Fig. 5) , indicating that the activation of these proteins was likely done through posttranslational modifications.
AP-1 activation during primary KSHV infection is mediated by multiple MAPK pathways.
The above data showed that KSHV activation of MAPK pathways preceded that of AP-1. To determine whether MAPK pathways mediated KSHV activation of AP-1, we performed the AP-1 reporter assay with 293 cells, with or without the presence of inhibitors of MAPK pathways. As shown in Fig. 6A , inhibitors of MEK and JNK completely abolished KSHV induction of AP-1 reporter activity, while the inhibitor of p38 reduced it by half. In EMSAs, the addition of all three MAPK inhibitors to cells during KSHV primary infection reduced the intensities of the KSHV-induced AP-1-DNA bands in both 293 cells and HUVEC. Stronger effects were observed with inhibitors of MEK and JNK, and a less robust effect was seen with the inhibitor of p38 (Fig. 6B) .
Western blotting confirmed that the specific inhibitors blocked the activation of their respective MAPK pathways in HUVEC (Fig. 6C) . We further applied biological methods to inhibit the MAPK pathways and examined the effects on KSHV activation of AP-1. We cotransfected 293 cells with DN constructs of the JNK, ERK, and p38 pathways in the AP-1 reporter assay. The results were similar to those obtained with chemical inhibitors (Fig. 6D) . DN constructs of MEK and JNK completely abolished KSHV induction of the AP-1 reporter activity, while that of p38 reduced it by half. These results clearly indicated that multiple MAPK pathways mediated KSHV activation of AP-1.
The above results have shown that inhibition of just one of the MAPK pathways leads to a reduction in KSHV activation of AP-1, indicating that the activation of all three MAPK pathways is necessary for the maximum KSHV activation of AP-1 during primary infection. Importantly, inhibition of either the ERK or JNK pathway by a chemical inhibitor or DN construct in a reporter assay or EMSA resulted in more reduction of KSHV activation of the AP-1 pathway, while inhibition of the p38 pathway had fewer effects. These data are consistent with the strong activation of ERK1/2 and JNK and the less robust activation of p38 detected during primary KSHV infection (Fig. 5) .
Multiple MAPK pathways differentially activate AP-1 components during primary KSHV infection. We further investigated which AP-1 component(s) was prevented from activation during primary KSHV infection by MAPK inhibitors. In concordance with previous results (Fig. 3) , neither KSHV infection nor inhibitors of MAPK pathways had any effects on the activation of Fra-1 and Fra-2 (Fig. 6E) . In contrast, all three inhibitors of MAPK pathways displayed differential inhibitory effects on the activation of other AP-1 components (Fig. 6E) . Inhibitors of both the ERK and JNK pathways totally abolished the activation of Jun members c-Jun, JunB, and JunD and prevented 51% and 46% of c-Fos activation and 80% and 16% of FosB activation, respectively. These results indicated that members of the AP-1 complex had differential roles in KSHV activation of AP-1. The Jun members of the AP-1 complex, particularly c-Jun, which was activated the most, were likely to have a major role in KSHV activation of AP-1 and to account for the total abolishment of AP-1 activity by inhibitors of the ERK and JNK pathways observed in the reporter assay (Fig. 6A) . The inhibitor of p38 had no effect on the activation of any AP-1 components except for a complete abolishment of JunB activation. These results are consistent with those obtained with the reporter assay and EMSA and indicate that both MEK and JNK MAPK pathways are essential for the activation of AP-1 during primary KSHV infection, while the p38 pathway is involved to a lesser extent. Both the MEK and JNK pathways contribute to AP-1 activation: the MEK pathway mediates c-Jun, JunB, and JunD, and to a lesser extent, c-Fos and FosB, and the JNK pathway mediates c-Jun, JunB, JunD, and FosB, and to a lesser extent, c-Fos. The p38 pathway contributes to AP-1 activation by mediating JunB.
KSHV induces IL-6 transcriptional expression during primary infection. Since the above results clearly demonstrated KSHV activation of AP-1 during primary infection, we wished to further investigate its biological significance. Previous studies using microarrays have shown that KSHV infection induces IL-6 expression (12, 45) ; however, the mechanism of induction remains unclear. Figure 7A shows that KSHV-infected HUVEC secreted IL-6 at 10 times higher levels than those in mock-infected cells at 6 hpi. To determine whether the rapid induction of IL-6 by KSHV was mediated at the transcriptional level, we examined the expression of the IL-6 transcript. As shown in Fig. 7B , KSHV infection rapidly induced the expression of the IL-6 transcript. We further examined KSHV activation of the IL-6 promoter in a reporter assay (Fig. 7C) . In concordance with the results of transcript expression, KSHV infection rapidly increased the luciferase activity of the IL-6 reporter, which peaked at 6 hpi. Thus, KSHV induction of IL-6 expression is at least partly due to direct transcriptional activation of the IL-6 promoter.
Induction of IL-6 by KSHV infection is dependent on AP-1 activation and is mediated by multiple MAPK pathways. To determine whether AP-1 activation during primary KSHV infection was essential to the induction of IL-6, we first carried out EMSA using an AP-1 consensus-binding site in the IL-6 promoter as a probe (Fig. 7D) . KSHV infection drastically increased the intensity of the AP-1-DNA complexes. As expected, the addition of unlabeled cold probes abolished the intensity of the AP-1 band, while the addition of specific antibodies to c-Fos and c-Jun caused supershifts of the AP-1 bands. These results indicated that the KSHV-activated AP-1 complexes indeed bound to the IL-6 promoter. To further confirm the essential role of AP-1 activation in KSHV induction of IL-6 during primary infection, we infected 293 cells in the presence of a DN construct of c-Fos (A-Fos). The addition of A-Fos prevented 68% of the KSHV induction of the IL-6 reporter (Fig. 7E, panel a) . As expected, overexpression of c-Fos increased the IL-6 reporter activity 1.6-fold, and this was abolished by A-Fos (Fig. 7E, panel b) , indicating the specificity of the DN construct. To determine whether the activation of MAPK pathways during KSHV primary infection also mediated the induction of IL-6, we applied inhibitors of MAPK pathways in the IL-6 reporter assay (Fig. 7F) . All three inhibitors reduced KSHV induction of the IL-6 reporter during primary infection. The inhibitors of MEK and JNK totally abolished KSHV induction of the IL-6 reporter, while that of p38 reduced it to a lesser extent. Similar results were observed when the IL-6 reporter was cotransfected with DN constructs of MAPK pathways (Fig. 7G) . Together, the above results clearly demonstrated that KSHV induces IL-6 during primary infection, at least partly by activating AP-1, which is mediated by multiple MAPK pathways.
DISCUSSION
Like infections with other viruses, KSHV infection is a complicated biological process that modulates diverse cellular ) and HUVEC (lower panel) either mock infected or infected with KSHV for 6 h, with or without the presence of specific inhibitors of JNK, ERK1/2, and p38, were subjected to EMSA using a 32 Plabeled AP-1 consensus oligonucleotide probe. P, free probe. A 100-fold excess of cold probe was used for the competition assay. (C) Western blotting was carried out with specific antibodies to detect the phosphorylated forms of ERK1/2 (first panel), JNK (second panel), and p38 (third panel) in HUVEC that were mock infected, KSHV infected, or KSHV infected in the presence of the respective specific MAPK inhibitors. An anti-␣-tubulin antibody was used to normalize sample loading (fourth panel). (D) DN constructs of MAPK pathways inhibited activation of the AP-1 reporter by KSHV infection. Cells (293 cells) transfected with pAP-1-luc reporter plasmid DNA alone or together with DN constructs of MEK, p38, and JNK for 30 h were either mock infected or infected with KSHV for 6 h, lysed, and assayed for luciferase activity. (E) Inhibitors of MAPK pathways differentially inhibited the activation of AP-1 components by KSHV infection. Cells (293 cells) that were mock infected or infected with KSHV for 6 h, with or without specific inhibitors of ERK1/2, p38, and JNK, were lysed and assayed for the active forms of AP-1 components by ELISA, as described in the legend to Fig. 3 . All KSHV infection experiments were carried out at an MOI of 2. For the reporter assay (A and D), the experiments were independently carried out three times, with three repeats each. The results presented are averages with standard deviations from one representative experiment. For EMSA (B) and Western blotting (C), the experiments were repeated two times. The results presented are from one representative experiment. For ELISA (E), the experiments were independently carried out two times, with three repeats each. The results presented are averages with standard deviations from one representative experiment. (56) . Previous studies have shown that the expression of IL-6 is regulated by various transcriptional factors, including NF-B, NF-IL-6, C/EBP, AP-1, Sp-1, and IRF-1 (16, 36, 38, 53, 58) . We have shown that KSHV activation of AP-1 leads to the induction of IL-6, which is also mediated by multiple MAPK cascades. Several KSHV genes have been shown to directly upregulate the expression of IL-6 (1, 2, 17); however, our results indicate that the induction of IL-6 during primary KSHV infection is largely due to the activation of MAPK pathways and AP-1 mediated by virus entry events rather than the expression and effects of individual KSHV genes (Fig. 4) . Nevertheless, it remains to be determined which other transcriptional factors are activated and involved in KSHV induction of IL-6 during primary infection. IL-6 is overexpressed in KS tumors, PEL, and MCD and is implicated in the pathogenesis of these KSHV-induced malignancies (5, 19, 31, 37, 41, 54, 66) . Thus, our studies have identified a molecular mechanism by which KSHV modulates cellular signal pathways to induce IL-6 during the early stage of infection. The rapid production of IL-6 can stimulate cellular proliferation and prevent infected cells from apoptosis resulting from KSHV infection.
KSHV activation of AP-1 can lead directly to the promotion of cell proliferation and cell cycle progression by regulating key cell cycle proteins. In fact, AP-1 has been shown to regulate several cell cycle proteins, such as cyclin D1, p53, p21, p19, and p16 (56) . However, individual AP-1 members can exert different effects on a given targeted gene, resulting in diverse or even opposite outcomes (56) . For examples, c-Jun and Fos proteins are generally positive regulators (10, 33) , while JunB has a negative effect (50) . Thus, the effect of AP-1 activation on cell proliferation could be temporally and spatially restricted. In this study, we have observed that the activation of AP-1 by KSHV occurs primarily through members that have positive effects on cell proliferation, including c-Jun (2.4-fold), c-Fos (2.8-fold), and FosB (3.5-fold). Other AP-1 members, including JunB (1.6-fold), JunD (1.4-fold), Fra-1 (no change), and Fra-2 (no change), were not activated or only weakly activated. In concordance with these results, we have observed KSHV stimulation of cell proliferation during the early stage of infection by promoting cell exit from G 0 /G 1 phase and entry into S phase (24; unpublished data).
AP-1 activation is involved in cellular transformation (56) . Members of both the Jun and Fos families cooperate with other oncogenes to enhance their cellular transformation (40, 61) . While extensive epidemiological studies have demonstrated an essential role of KSHV infection in the development of KS, the elucidation of the molecular mechanisms underlying KSHV-induced tumorigenesis remains elusive (20) . Some early studies have described KS as a cytokine-driven hyperplasia; however, recent evidence indicates that KS lesions are clonal or multiclonal, manifest a neoplastic transforming nature, and have various genomic abnormalities (21) . KSHV infection of human primary microvascular endothelial cells can indeed lead to cellular transformation (22) . It is likely that KSHV activation of AP-1 and individual AP-1 components could contribute to KSHV-induced malignant transformation. We have previously shown that KSHV infection of primary HUVEC causes chromosome instability, which could predispose the infected cells to cellular transformation (48) . In fact, activation of the MEK MAPK pathway is implicated in uncontrolled centrosome duplication, leading to the formation of aberrant mitotic spindles and chromosomal abnormalities (52) .
KS is a highly angiogenic and disseminated tumor (21) . AP-1 activation can contribute to the angiogenesis and cell invasion of KS tumors. Besides IL-6, the expression of several other proliferative and angiogenic factors, such as vascular endothelial growth factor and IL-8, and of MMPs that are important for cell invasion is also mediated by AP-1 and MAPK pathways (8, 14, 34, 64) .
AP-1 activation is likely to facilitate KSHV infection and replication. The promoter regions of several key KSHV lytic replication genes, encoding RTA, RAP, and MTA, contain the AP-1 consensus element (11, 62) . RTA, a viral immediateearly gene, alone is sufficient to drive KSHV into lytic replication and activates the expression of KSHV lytic cycle genes. Furthermore, KSHV oriLyts contain AP-1 consensus sites (6) , indicating that the activation of AP-1 is required for the functions of oriLyts. Thus, the activation of AP-1 is likely important for KSHV lytic replication and the expression of viral lytic cycle genes. We have previously reported that efficient KSHV infection of HUVEC is productive at the early stage of infection (24) . Obviously, the enhanced survival effect exerted by activated AP-1 and induced IL-6 can indirectly sustain KSHV productive replication and possibly facilitate the establishment of a latent infection during primary infection. It remains to be determined whether AP-1 activation is directly required for productive KSHV infection during primary infection. A sustaining productive primary infection cycle in the host could contribute to the rapid progression of KS by not only producing large quantities of virions for infecting new cells but also contributing to other aspects of KS pathogenesis, including the production of IL-6 and other inflammatory cytokines and the promotion of cellular transformation, cell invasion, and angiogenesis.
Considering the early activation of AP-1 (at 2 hpi) and the MAPK pathways (at Ͻ1 hpi) during KSHV infection, it is likely that it occurred during virus binding or entry events. Indeed, UV irradiation of the virions only minimally reduced KSHV activation of AP-1 activities (Fig. 4) . A number of KSHV genes that are known to activate MAPK pathways, including those for vGPCR, vPK, LAMP, and vFLIP (2, 7, 9, 27) , are expressed at very low levels during this period (68) and could contribute, to a lesser extent, to KSHV activation of AP-1 at the early stage of infection. Previous studies have demonstrated that KSHV infection activates the ERK pathway early in infection (44) . In this study, we also observed early activation of the ERK pathway during primary KSHV infection. In addition, we have demonstrated a strong activation of JNK and weak activation of p38 pathways. It is likely that the early activation of JNK and p38 pathways is also mediated through interactions of KSHV glycoproteins with their cellular receptors. Figure 8 shows a working model illustrating the molecular events underlying the complicated virus-cell interactions during primary KSHV infection. In this study, we have clearly demonstrated KSHV activation of multiple MAPK pathways and AP-1 during primary infection. We have also shown KSHV induction of IL-6, which is mediated by MAPK pathways and AP-1. Future studies will further determine to what extent the activated AP-1 could facilitate KSHV infection and replication and contribute to KSHV-induced malignancies. 
